UNCLASSIFIED

AD NUMBER

ADB239008

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies only; Proprietary Info.; Feb 98.
Other requests shall be referred to US
Army Medical Research and Materiel Comd.,
Fort Detrick, MD 21702-5012.

AUTHORITY

USAMRC ltr 16 Nov 2000

THIS PAGE IS UNCLASSIFIED




AD

COOPERATIVE AGREEMENT NUMBER DAMD17-97-2-7004

TITLE: Methods of Producing Freeze-Dried Acellular Vascular,
Peripheral Nerve and Generic Tissue Grafts for the Treatment of
Combat Casualties

PRINCIPAL INVESTIGATOR: Lawrence E. Boerboom, Ph.D.

CONTRACTING ORGANIZATION: Lifecell Corporation
The Woodlands, Texas 77381

REPORT DATE: February 1998
TYPE OF REPORT: Annual

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Distribution authorized to U.S. Government
agencies only (proprietary information, Feb 98). Other requests
for this document shall be referred to U.S. Army Medical Research
and Materiel Command, 504 Scott Street, Fort Detrick, Maryland
21702-5012.

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

- \A9%015 pes

PHIC QUaLITy INePECTRY 4




REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information Is estimated to average 1 hour per response, lncludir:’g the time for revi
qatlhering m;d Taintati,ning_:‘r;'e g;:‘ta gged:gt'igr?sd f%?r:‘:éag‘ngg't’r‘ﬁs'burden 1o ‘Washington Headquarters S ?velg s, Direct atr e?am
. j information, includi . ervices, Directorate for
l":)glv?: tl"?igh%l:;,oSuite 1204, Arlin%ton? A 22202-4302, and to the Office of Management and Budg rwork Reducti

ewing instructions, searching existing data sources,

this burden estimate or any other aspect of this
rmation Operations and Reports, 1215 Jefferson
roject (0 704—8

Info
F

188), Washington, DC 20503.

2. REPORT DATE
February 1998

1. AGENCY USE ONLY (Leave blank)

3. REPORT TYRE AMD.DATES COVERED..
Annual (6 Jan 97 - 6 Jan 98)

4. TITLE AND SUBTITLE

Methods of Producing Freeze-Dried Acellular Vascular,
Peripheral Nerve and Generic Tissue Grafts for the
Treatment of Combat Casualties

6. AUTHOR(S)

Lawrence E. Boerboom, Ph.D.

5. FUNDING NUMBERS

DAMD17-97-2-7004

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
Lifecell Corporation

The Woodlands, Texas 77381

8. PERFORMING ORGANIZATION

REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES}
U.S. Army Medical Research and Materiel Command

Fort Detrick, Maryland 21702-5012

10. SPONSORING/MONITORING

AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT

Distribution authorized to U.S. Government agencies only (proprietary information,
Feb 98). Other requests for this document shall be referred to U.S. Army Medical
Research and Materiel Command, 504 Scott Street, Fort Detrick, Maryland
21702-5012.

12b. DISTRIBUTION CODE

,llﬁiSABSTRACT {Maxim

into dura by the host cells which have repopulated it.

program LR ree projects: vascular grafts, skin micrografting and dura replacement. The vascular
oraft project aims to generate an off-the-shelf transplantable vascular graft for combat casualty care. We have
made significant progress toward achieving a final protocol for processing vascular grafts and recent grafts
implanted in vivo in feasibility phase studies have consistently been patent at 2 weeks. We anticipate beginning
he long-term studies of 3 and 6 month duration early in year 2. The skin micrografting project aims to develop
rotocols for enhancing closure of full-thickness skin wounds by combining micrografting techniques with
lloDerm, a transplantable human dermis. Our studies have identified Vaseline gauze as the preferable wound
ressing. Human skin proved to be unsatisfactory as a donor source for microskin pieces in our nude rat model.

e are now therefore using autologous skin, which appears satisfactory as evidenced by epithelial migration from
he microskin pieces. Upon verifying that we have achieved optimal grafting conditions, we will next determine
he maximum expansion ratio which allows complete epithelialization of the wound. The goal of the dura
eplacement project is to determine whether a generic acellular matrix can function as a connective tissue scaffold
or host cell repopulation and site-specific tissue regeneration. We have demonstrated in this project that
enoDerm not only serves very well as a graft, but also shows preliminary evidence that it is being remodeled

14. SUBJECT TERMS

Combat casualties, wound healing, congressional interest,
skin grafting, vascular grafts, duraplasty

15. NUMBER OF PAGES

30
pmse——
16. PRICE CODE

17. SECURITY CLASSIFICATION [18. SECURITY CLASSIFICATION [19. SECURITY CLASSIFICATION |20. LIMITATION OF ABSTRACT]
OF REPORT OF THIS PAGE OF ABSTRACT .
Unclassified Unclassified Unclassified Limited
NSN 7540-01-280-5500 92 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. 239-18
298-102



4

FOREWQRD

Opinions, interpretations, conclusions and recommendations are

those of the author and are not necessarily endorsed by the U.S.
Army.

Where copyrighted material is quoted, permission has been
obtained to use such material.

Where material from documents designated for limited

distribution is quoted, permission has been obtained to use the
material.

Citations of commercial organizations and trade names in
this report do not constitute an official Department of Army

endorsement or approval of the products or services of these
organizations.

LEB  In conducting research using animals, the investigator (s)
adhered to the "Guide for the Care and Use of Laboratory
Animals," prepared by the Committee on Care and Use of Laboratory
Animals of the Institute of Laboratory Resources, National
Research Council (NIH Publication No. 86-23, Revised 19835).

For the protection of human subjects, the investigator(s)
adhered to policies of applicable Federal Law 45 CFR 46.

In conducting research utilizing recombinant DNA technology,

the investigator(s) adhered to current guidelines promulgated by
the National Institutes of Health.

In the conduct of research utilizing recombinant DNA, the
investigator(s) adhered to the NIH Guidelines for Research
Involving Recombinant DNA Molecules.

In the conduct of research involving hazardous organisms,

the investigator(s) adhered to the CDC-NIH Guide for Biosafety in
Microbiological and Biomedical Laboratories.

4%42/,25ﬂ /fiZOAQ%”% 2—578

T& - Signature Date




TABLE OF CONTENTS

Front Cover

Report Documentation Page
Foreword

Table of Contents

Vascular Graft Project

Skin Micrografting Project
Dura Replacement Project

References

PROPRIETARY DATA

17

25

29




PROPRIETARY DATA
VASCULAR GRAFT PROJECT

Introduction

The vascular graft project aims to generate an off-the-shelf, transplantable vascu-
lar graft for combat casualty care. Our efforts in the first year have been directed at de-
veloping processing methods optimized for the goat carotid artery model. This optimiza-
tion is nearing completion, and grafts have been implanted in eight animals thus far.
Completion of this in vivo study will be in the second year of this proposal. Also in the

second year, we will optimize these processing methods for human vessels.

Tissue Processing

Among the steps involved in vascular graft processing are vessel procurement and
protocols for decellularization, vitrification and drying of the tissue matrix.

Procurement. Harvesting and handling of tissues must be performed in a way
that minimizes necrosis and liberation of cell-derived factors which may impair graft per-
formance post-transplantation. For example, protease release secondary to cell necrosis
can lead to matrix damage which can then lead to a non-specific inflammatory response
and an undesirable aggressive remodeling of the matrix (1,2). Ideally, tissue is harvested
fresh from a living animal and processed immediately so that cells have no time to un-
dergo necrotic changes. Additives in the processing solution such as protease inhibitors
help prevent the untoward effects of cell lysis and lysosomal release (3).

Thus far, goat carotid arteries used for analysis or implant have been procured
fresh and processed immediately as described above. Therefore, we have not needed to

develop a protocol to maintain cell viability post-transplantation as is done for organ do-
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nation. However, once we are beyond the preliminary phase and begin processing larger
numbers of vessels for use in the long-term implant portion of the study and ultimately
for clinical use, practical limitations to the timing of procurement and processing will
make it impossible to process fresh tissue immediately. These timing limitations make it
essential to develop a ‘holding step’ in the process.

To this end we performed an experiment to evaluate pre-freezing as a method for
storing fresh procured tissues prior to processing (Experiment 97-35; Runs #3421 and
#3443). Carotid arteries were harvested from goats and the vessels were then immedi-
ately immersed in Vitrification Solution Maltodextrin (VSMD), comprised of a 75%
buffered solution of maltodextrin. The vessels were then divided into two segments of
equal length. One segment from each vessel was then vitrified (frozen in an amorphous
or ice-free state) and stored in an -80 °C freezer. The other segment was immediately
processed, which consisted of cell removal via detergents and enzymes, followed by vitri-
fication and drying. The pre-frozen vessels were processed in a like manner after two
weeks of -80 °C storage. All samples were then rehydrated and analyzed simultaneously
by histology and transmission electron microscopy (TEM). Comparisons conducted by
evaluators without knowledge of the treatment group demonstrated there were no signifi-
cant differences between segments that were processed immediately and those that were
prefrozen and stored before .processing. Parameters evaluated include completeness of
decellularization, basement membrane integrity, elastin morphology, collagen banding
and diameter, and overall morphology. This experiment therefore demonstrates that our

pre-freezing step may be implemented without danger to matrix integrity.
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Decellularization. Decellularization is a critical step for the processing of trans-
plantable tissues. The presence of cell-based antigens such as the Major Histocompati-
bility Groups I and II (MHC-I and 1I) antigens can lead to a specific inflammatory re-
sponse and graft rejection (4). The LifeCell process for preserving vessels utilizes a
combination of detergent and enzyme steps to fully remove cells from the arterial wall.
As a first step, carotid arteries are placed in VSMD. The mechanism of action of VSMD
in decellularization is unclear, but evidence suggests some polyhydroxy compounds such
as glucose and its polymers promote the solubilization of some cellular proteins (5). Af-
ter four hours of infiltration with VSMD, the grafts are transferred to a detergent solution
with significant anti-proteolytic activity. After 24 hours in this solution, the cell cyto-
plasm is significantly disrupted throughout. The tissues are then transferred to a solution
containing DNase and cofactors for another 24 hours to effect removal of the nuclei.

One of the problems encountered in ixn vivo studies conducted in a canine model
prior to the onset of this proposal was the observation that endothelial cell (EC) coverage
in transplanted grafts was incomplete. We hypothesized that the patchy EC appearance
on explanted vessels was secondary to incomplete delivery of processing solutions to the
center of these small diameter (2-3 mm) vessels. This idea was supported by the obser-
vation that, even though the vessels were being agitated during incubation with the de-
cellularization solutions, there was little driving force to promote a thorough washing of
their small diameter lumens.

We explored this hypothesis by modifying the decellularization protocol to en-
hance solution delivery throughout the lumen of the graft (Experiment 98-14, page 38;

Run #3353). To accomplish this, two methods were employed. First, VSMD (the initial
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decellularization solution) was initially introduced via a syringe. VSMD at its routine
concentration of 75% maltodextrin is very viscous and unlikely to passively perfuse the
graft. Secondly, the vessels were sutured to teflon struts which served to hold the vessel
stationary within its vial while the decellularization solution was being agitated to-and-
fro along its axis. This assured significant movement of the solution through the graft.
Vessels strutted in this manner during processing were compared to nonstrutted vessels
for completeness of decellularization and matrix integrity. These analyses were per-
formed at five locations along the vessels’ length. After staining with H&E, EC remnants
were counted for each location. The fewer the number of remnants, the more effective
the decellularization was deemed. While the results were equivocal with regard to
whether strutting improves decellularization, we have adopted this method for processing
because it improves wash through the vessel and has shown no evidence of causing ma-
trix damage.

As another mechanism to potentially enhance donor endothelial cell removal, we
explored the introduction of a specific EC removal step (Experiment 98-29, page 81; Run
#3379). Three distinctly different modes of action for enhancing endothelial cell removal
were investigated. First, we selected a detergent of known potency against EC’s: Triton
X-100. Second, 1 M sodium chloride was assessed based on its success with removing
keratinocytes from their basement membrane in previous studies (6). And for a third
mechanism to enhance cell removal, we utilized EDTA to chelate calcium. This divalent
cation is a known cofactor for EC integrin binding to their ligands on the basement mem-

brane (7). Integrin-ligand disruption should promote cell detachment.
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In this experiment a total of 30 segments of goat carotid arteries were immersed in
one of the following solutions as the first step in processing:

1) 15 mM Hepes buffer alone, pH 7.4

2) Hepes buffer plus 10 mM EDTA

3) Hepes buffer plus 10 mM EDTA plus 0.5% Triton X-100

4) Hepes buffer plus 10 mM EDTA plus 1 M NaCl

5) Hepes buffer plus 10 mM EDTA plus 0.5% Triton X-100 plus 1 M NaCl
Solutions containing the vessels were kept at 4 °C during the incubation to inhibit cell
necrosis. Segments were removed for analysis after 30, 60, and 120 minutes and were
then analyzed for extent of endothelial cell removal. Histology revealed that groups 4
and 5 (Hepes buffer, EDTA, NaCl, +/- TX-100) had complete endothelial cell removal
after 60 minutes.

As another measure to determine whether active washing within the lumens of
vascular grafts during processing could be improved, we investigated active vessel perfu-
sion via a small roller pump (Experiment 98-33, page 94; Run #3426). After the VSMD
pre-incubation, a catheter was inserted into each vessel, the vessels were immersed in the
detergent solution and perfused with this solution by peristaltic pump at a flow rate of
100 ml/min. For comparison, contralateral vessels were attached to struts as described
above and then placed on rotators. After the 24 hour detergent step, all segments were
treated identically for the remainder of the processing and were then evaluated. Histol-
ogy revealed both groups to be effectively decellularized, both with respect to EC’s and
SMC’s. Though the pump apparatus theoretically provides the best assurance of vessel

perfusion, it was cumbersome to operate — particularly in an aseptic setting. We have
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therefore continued to process utilizing the strut and rotator method. We plan to devote
more time and resources to the pump method when we explore human vessel decellulari-
zation.

With a satisfactory perfusion method in place, we turned our attention to estab-
lishing the optimal decellularization protocol for the initiation of in vivo studies (Experi-
ment #31, page 87; Run #3386). As described above, many of the decellularization steps
were transferred from protocols designed to process other tissues, and it was unclear if
they were ideal for caprine vessels. We also sought to assess colder processing tempera-
tures. Cooler temperatures, in theory, promote matrix stability and decrease the rate of
potential adverse reactions, such as proteolytic and oxidative activities. Utilizing the
above results and considerations, we designed the following experiment to test the de-
cellularization effectiveness of a variety of combinations of processing steps. The ex-
perimental design is shown in Table 1.

Table 1: Decellularization Experiment

Treatment Number
Processing Step 112{3{4|5(6|7 891011 12] 13
EC removal 1 M NaCl, 10mM EDTA, 4 °C XX XX XXX XXX
1 M NaCl, 10mM EDTA, 20 °C X
75 % VSMD,20°C| X | X X X
VSMD Step Tsotonic (27%) VSMD, 4 °C X | X[X X | X
Caprylate/CHAPS,20°C[ X | X | X | X XX X X
Detergent
Step Caprylate/CHAPs, 4 °C X X X
Octyl-glucoside, 4 °C XX
Enzyme DNase, 37°C|{ X | X | X XX X X
Step DNase, 20 °C X X1 X XXX

*

solutions not in RPMI

An ‘X’ in the column indicates that treatment group received the corresponding step.

Most treatments received one of the four main steps; however, some treatments did not

10




PROPRIETARY DATA

receive the EC removal step, nor the VSMD preincubation step. In this experiment, de-
tergents and enzymes were prepared in RPMI (with the exception of Treatment #13), a
common cell culture medium. This modification was transferred from LifeCell’s heart
valve program which is being conducted in parallel. In that program, the addition of
RPMI enhanced decellularization effectiveness. This may be due to its ability to main-
tain the cells in a more physiologic state until detergents and enzymes can penetrate the
tissue. It is also of note that RPMI contains glucose which, as mentioned above, has been
noted by us and others to enhance the solubility of some cell proteins. We also investi-
gated the use of octyl-glucoside, a non-denaturing detergent which has been shown to
render heart valves less stiff than when processed with caprylate. This is relevant in that
stiffness was shown to correlate with cracking of the valves following rehydration in that
study and we had observed cracking in some vascular grafts.

Vessels were processed according to these protocols and then evaluated by histol-
ogy, TEM and scanning EM. Note that Treatments 10 and 14 are identical except that
vessels in treatment 14 were of greater length and were intended specifically for implan-
tation in vivo.

Samples processed via Treatment 8 demonstrated the best overall appearance.
Assessment criteria primarily included EC or SMC remnant detection, basement mem-
brane integrity, and the presence or absence of cracks. These results were verified in a
repeat experiment (Experiment 97-37, page 11; Run 3430). Vessels processed by treat-
ments 8 and 14 were grafted into goat carotid arteries and the results from these implants

are discussed in a following section.
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Freeze-Drying: After decellularization, vessels are infiltrated with the cryopro-
tectant, VSMD. This solution of 75% buffered maltodextrin, a polymer of glucose, sig-
nificantly inhibits the diffusion and availability of water. This serves to limit waters
ability to form, and migrate to, hexagonal ice crystal nucei. Tissue samples cryoprotected
in this manner can be readily vitrified; that is, frozen in the amorphous or glass state.
This is desirable since hexagonal ice crystal formation can mechanically disrupt and
damage extracellular matrices (8). This damage can then lead to a non-specific inflam-
matory response and undesirable remodelling.

One problem we have encountered with this solution, however, is the occasional
appearance of shallow cracking on the lumenal surface of vessels. These cracks typically
only penetrate one or two elastin layers from the lumen. Interestingly, these cracks have
not been observed on the adventitial surface. These cracks have been observed in proc-
essed samples, as noted above, and also in explanted grafts — usually the defect is filled
with a local accumulation of fibrin and scattered cells. These defects present a nidus for
platelet aggregation and activation and are thus a potential cause of graft failure.

Based on gross observations of dried material (vessels and heart valves), we be-
lieve these cracks are due to differing drying characteristics between the tissue and the
residual surface coating of VSMD. Because the cryoprotectant solution is highly viscous,
it is impossible to drain it completely from all surfaces. A less viscous solution would be
more amenable to such removal, so we recently conducted an experiment on heart valves
to test this hypothesis (Experiment 97-46, page 34). Aortas which had been incubated in
a 35% solution of VSMD, and then drained of all residual, were found to not exhibit sur-

face cracks. In contrast, the 75% VSMD controls, contained numerous cracks. Though

12
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the 35% solution is not of sufficient strength to prevent all hexagonal ice crystal forma-
tion, it does significantly limit its overall mass. This concentration has been found to be
acceptable for, and is currently employed in, the production of AlloDerm®. We currently

have experiments under way to determine if it is equally efficacious in vascular grafts.

In Vivo Studies — The Caprine Carotid Model-Feasibility Phase

After the production of suitable vessels, the next aim of this proposal is to test
these grafts in the caprine carotid model. The protocol for this study was co-developed
by us and our collaborators at the U.S. Army Institute for Surgical Research (ISR) in San
Antonio. Animal procurement, implantation, and follow-up has all been conducted at the
ISR. In this report, we will discuss the general results of the implants conducted to date.

Thus far, we have implanted vascular grafts in eight animals. For a summary of

these results, please refer to Table 2.

13




b1

‘$)0elD |elpey

‘sasowojseue yelb [janay Piq Bwiogz
18 SNQWIoIY} BWIOS "SAIJONIS auipidoyai L
‘UoI}0as N, PUB Sasoluo)seue -qo Aje1aidwios jou jnq yes6) Seh jonuod pb uisA
Je pajou 5,03 "uonejndodes eipew Juesg| €/PE | VP26 | weaoieydes ujuesaidjoip  seAyeln|  Bwosel VS| oy 8-Xi | vL | /6/8/2) | 80€ 8
“SHOBIO [RIPE. piq Bwg,
Mo4 ‘snquiolyj oN "yojed sunpuesiad
‘UOI}OBS N, PUB SISOWIOISEUE aJuMm [esjuao [euoiseaso| S84 [0U0D pb uteA
1e pajou 5,03 uonejndodal eipsw Jueng! BIYE | LP-26 | - onmsod anig sueag Apsow|  seAyeso!  Bwgcel wSY|  oiny| 8—XL | vl | Z6/p/2) | YOE L
piq Buipgz
auipidojor L
-dodau |eipaw Bujuub saf |onuo) pb TEY
-og "suoijoss jsow abeionco 93 poon| 89V | L¥-L6 | "s)yoeId [elpey "SNQUICIY) ON saf yein Bwogsl vy oIy g —X1 Gl |/26/9¢2/LL| €0€ g9
piq Bwogz
autpidoor|
-doda1 [eipew Buiuub sok jouo) pb ulaA
-og 'suoioas jsow abeianod 93 poon| 8OVE | Li-L6 | syoeld jeipey 'snquolyi oN soh yelo Pwossl vSY oy 8—X1 9l |.l6/¥2/LL]| 20E g
. pIq bwg/
. , ~_peyepowal ueh ydad| o 1611100 sujuesiag| uBA
s,03 1amay Ing ‘g Jeob 10} sy| o SHOBIO [BIPRY "SNQUOIY} /M ok uel bl ‘om g—Xx1 | €1 {/6/8L/LL| 962 v
pepnjooo A)jejo) jsouwje Jeis 4elo P ny
L€-86 Bwoogl vSY
‘dodal e|paw 1004 ‘Jseue 1£-86 SYOED [Elpel Jo} 1da0xd sah [o2ill[e}g] EM%HMM.MM UIaA
y 8eve "Bau anjq s,ueaz (uadal f P 8—XL | Gl | /6/9/L} | V62 S
[eJsIp p1emo) 8seal08p Ing jussaid s,03 Kuo AI9A Jnq ‘SNGUIOIY) sah yeln vnw Bwpogl| oy
099 YSY
LE-86 piq Bwgz
. Jno| Ou |oJjuo) TIETY
pajeindodal 9,06 eIpaN| |EVE Bnou sunuesiad| . v —X1| 02 | 26/4/0L | €62 2
- 1 jJuaiaype snquioly} ou el omn
HBnoIU) JuIBupe snatiol Y819 pig bwigze vey| MY
. LE-86 sosowo)| SoA [ouUoD! auluesisad ON| UIBA _
pajeindodal %05 EIPSIN| L2vE -seue je juasaype snquoiy|  ou yeio| piq Bwgze wey| ony | VFTXL| 8b | L6/C/0L | 262 r
‘0)SiH yuejdxy S,ON ON sajoN juejdxy Aouajed uswibay jopuo) {j09030id| uang ajeg |#je0o |# jeOS
uny | jdx3 Nd-puy yero | sheq | juedwy | ysi | 9417

~VLIVA AYVIdIddOdd

yuepdu] 1504 SO OM ], Je SINSY YelD :Z d[qel




PROPRIETARY DATA

Test grafts were processed according to treatment 8 discussed above, with the exception
of the first two animals which received grafts from Treatment 14. The control has been
the autologous cephalic vein. Implant durations varied from 13 to 20 days. As indicated,
all but the first two test grafts were patent; however, there was significant thrombus asso-
ciated with the third and fourth grafts. Because of the occlusions or presence of signifi-
cant amounts of thrombus in this initial series of grafts, antiplatelet therapy was in-
creased, and Ticlopidine was substituted for Persantine. All the subsequent test grafts
have been widely patent.

Cell repopulation is noted in the right-most column and has been variable, both
with respect to EC coverage of the lumen and SMC repopulation of the media. Evan’s
blue dye, which binds to albumin and cannot cross an intact EC lining, was used to de-
lineate the extent of EC coverage and to corroborate histological findings. This dye indi-
cated that grafts 5 and 6 were 80 to 90 percent fully endothelialized at two weeks. His-
tology revealed that the first two grafts were 50% repopulated with cells exhibiting a
smooth muscle cell morphology.

Conclusions

We are currently undergoing an extensive analysis of variables to identify poten-
tial parameters which may significantly impact the revitalization of these grafts. Identifi-
cation of these variables will ensure a more consistent pattern of repopulation. One such
variable is the aforementioned surface cracking problem. This problem has been solved
in aortas and we are confident a similar approach will work for these smaller arterial tis-

Sues.

15




PROPRIETARY DATA

Early in year 2 of this project we anticipate resolving the remaining processing is-
sues which will lead to grafts that are repopulated with SMC and EC and do not crack.
During this phase of the project we will continue to explant grafts for evaluation two
weeks after implantation. Upon achieving a satisfactory processing protocol, as demon-
strated by these studies, we will begin the definitive long-term studies of 3 and 6 month
duration. Also in the second year we will optimize methods for the processing of human

vessels.
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SKIN MICROGRAFTING PROJECT

The aim of the microskin grafting project is to enhance the ability to cover extensive full-
thickness skin wounds, and hence decrease patient morbidity and mortality, by developing
optimal protocols for combining micrografting technologies with AlloDerm®, a transplantable
human dermis.
Introduction:

Currently, the standard grafting procedure for full thickness skin injury involves the use
of autologous split thickness skin grafts (STSG) (9,10). While this has been shown to be a life
saving procedure, there is still a need for improvement with regard to donor site trauma and the
final cosmetic and functional outcome of the wound. In full-thickness skin injuries, STSG must
provide both dermal and epidermal components at the wound site. When autologous donor sites
are limited, the STSG must be meshed and expanded to allow coverage of the entire wound area.
This meshed configuration leaves areas of the wound uncovered by both dermis and epidermis.
Epithelial cells of the grafted epidermis eventually migrate into and cover the interstices of this
mesh pattern and thereby promote wound closure. However, as dermis is not a regenerative
tissue, problems with scarring and contracture arise later when the grafts contract due in part to a
lack of sufficient dermis.

Another approach when STSG donor sites are limited is the use of cultured epithelial
autografts (CEA). This technology was the result of extensive research that established in vitro
culture conditions necessary for the expansion of epidermal keratinocytes (11-13). Intact sheets
of autologous keratinocytes can be produced from a small biopsy obtained from the patient. The
production of these sheets however requires weeks of culture time. Although initial interest and

use of this technology was high, as long term results became available it was evident that the
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lack of dermal replacement imparts significant limitations on this approach including low overall
take rates, scarring, and immature basement membrane formation leading to fragility of the
epidermis (14).

An additional alternative for covering extensive burn wounds is micromeshing or
microskin grafting (15-17). When autologous donor sites are limited, the available STSG can be
meshed and widely expanded (generally at a ratio of 4:1 or greater) or minced by passing the
tissue several times in different orientation through a standard mesher (18). While studies have
shown that widely meshed autografts can eventually close a large full-thickness skin wound,
these grafts a) take a long time to re-epithelialize interstices of the meshed graft, b) result in a
“cobblestone” appearance at the graft site and c) often lead to debilitating scarring and
contracture. Microskin grafting requires placement of many small pieces of the STSG onto the
wound site. The orientation of these small pieces (epidermal side up or down) has been
determined in some studies to be important for allowing migration of epithelial cells from the
donor tissue onto the wound bed. This has made the application of microskin grafts very tedious,
and poses one of the major limitations of this procedure. Further, these grafts are also prone to
the same limitations of the meshed and expanded grafts mentioned previously. As is the case for
CEA graﬂing, the lack of dermal replacement in these procedures presents significant limitations
on the final cosmetic and functional outcome.

The problems stated above may be overcome by using the micromesh or microskin grafts
as an overlay in combination with AlloDerm dermal matrix. AlloDerm preserved dermal matrix
is human cadaveric skin processed to remove cells of the epidermis and dermis while leaving the

structural matrix of the dermis and basement membrane complex intact. Immunohistochemical
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studies have confirmed retention of basement membrane complex proteins including collagen types
IV and VII, laminin and heparin sulfate proteoglycan.

It is anticipated that the “cobblestone” appearance and debilitating wound contraction
exhibited in the aforementioned micromeshing procedure would be greatly reduced or eliminated
by using a dermal replacement with an intact basement membrane complex.

AlloDerm dermal matrix has been used successfully for more than 2 years as a dermal
replacement for full-thickness burns and to revise scarred skin tissues (19). The use of AlloDerm
in these situations allows procurement of ultrathin autografts and thereby decreases the time of
healing and potential complications at the donor sites. Since the autograft will be used merely as
a delivery mechanism for epithelial cells, it is anticipated that the donor tissue will be very thin.
Further, by using the widely expanded or micromesh techniques it is anticipated that not only
will the thickness of the autograft be minimal, but the size of the donor sites may be significantly
reduced as well. Epithelial cells from an overlying, meshed STSG, have been seen to migrate
onto the intact basement membrane presented by AlloDerm dermal matrix. In the procedure
proposed here, this should lead to the eventual loss of the overlying autograft pieces (as the
epithelial cells grow under the autograft and begin to differentiate) after it has contributed the
necessary epithelial cells. Loss of the overlying autograft tissue should enhance the final
cosmetic outcome of the graft area by exhibiting a smooth rather than a “cobblestone”
appearance.

Earlier studies performed in vitro have exhibited the formation of an epithelial cover on
AlloDerm dermal matrix when donor tissue was minced and placed on the dermal graft at the

air/liquid interface (at expansion ratios > 10:1). Further, these studies did not indicated a
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necessity to orient pieces of the minced tissue. Epithelial cells have been seen to migrate from
the donor tissue and onto the AlloDerm dermal matrix regardless of orientation.

It has been proposed that AlloDerm dermal matrix will provide a non-immunogenic
dermal component for widely meshed or microskin autografts that will enhance functional
performance and cosmetic appearance resulting from these two grafting procedures.

Military relevance: Burns comprise a significant percentage of casualties sustained during
armed combat. A more functional skin replacement would decrease long-term morbidity and
mortality in the thermally injured patient.

Body:

These studies are being carried out in collaboration with the U.S. Army Institute of
Surgical Research, San Antonio, where all animal components of the work is being performed.
The objective of this study is to compare the wound healing characteristics of widely meshed
skin used in the presence or absence of dermal replacement. These experimental studies are
designed with an initial phase in which optimal grafting conditions are defined for micromeshed
skin using the nude rat model. Included in this phase are studies designed to allow familiarity
with a micromeshing device (HUMECA, The Netherlands) and establishment of the most
appropriate dressing for this grafting procedure. Once these parameters are established larger
expansion ratios of the micromeshed skin graft will be examined.

Experimental Design: Phase 1 grafting studies were designed to evaluate various
dressing materials that would maintain sufficient moisture to guard against desiccation of the
dermal matrix while not retaining so much moisture as to cause maceration of the graft. An
initial ratio of wound area to micromeshed skin of 6:1 was selected for evaluatioﬂ. If a dressing

is found to be successful (i.e. the dermal matrix is rapidly repopulated with host cells and
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epithelial cells from the overlying micromeshed human skin migrate onto the surface of the
dermal matrix) we will then move to a Phase II definitive study to examine the largest possible
expansion ratio that leads to epithelialization of the entire wound area. If the initial studies do not
result in repopulation of the dermal matrix or re-epithelialization of the wound from the human
micromeshed skin we will examine changes to the dressing and/or a two-step grafting procedure
by applying the dermal matrix 3-5 days prior to the micromeshed human skin and thereby allow
repopulation and revascularization of the dermal matrix prior to application of the human skin. If
this study is successful we will then move on to the Phase II study as described above. If the
Phase I studies still do not result in epithelialization of the dermal matrix from the overlying
micromeshed human skin we will examine the use of autologous nude rat skin as the overlying
micromeshed skin. It is possible that the nude rat may not stimulate or support growth and
migration of human epithelial cells. Human skin is being used primarily to allow definitive

identification of the source of epithelial cells that eventually cover the wound area.

Experimental Methods: Full-thickness 4 X 6cm wounds were created on the dorsal side
of each rat. AlloDerm dermal matrix was stapled in place on the open wound and covered with
micromeshed human skin at a ration of 6:1. The human skin was meshed using an air driven
micromeshing device from HUMECA (The Netherlands). This device cuts the skin into 3 mm?
pieces that were then attached to an expandable transfer membrane using a biological spray

adhesive. The transfer membranes are pre-folded to allow for various expansion ratios.

Initial Results: Initial studies evaluated two different dressings for the micrografting

rocedure, Biobrane® and Vaseline® gauze. Biobrane wound dressing (Dow Hickam Inc,
p
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Sugarland, TX) is an adherent flexible dressing. It is composed of a semi permeable silicone
membrane, bonded to a flexible nylon fabric and purified peptides derived from porcine dermal
collagen. Vaseline petrolatum gauze, the second dressing evaluated, forms an occlusive layer. In
these initial studies, 13 animals were covered with the Vaseline gauze dressing and 12 animals
with the Biobrane dressing. Animals covered with Biobrane dressing exhibited evidence of
bacterial contamination and the overall graft “take” of the dermal matrix was estimated to be <
60%. In contrast, animals covered with Vaseline gauze dressing showed no evidence of
contamination and graft take rate was estimated to be > 95 %.

We also noted during these initial studies that the transfer membrane which was used to
transfer micromeshed human skin to the wound surface was buckling during the first 5 days
post-grafting due fo contracture of the wound. This buckling caused some of the micromeshed
skin pieces to be pulled away from the graft surface. These skin pieces were subsequently lost at
scheduled dressing changes.

Review of histology from the initial twenty animals that received AlloDerm and
micromeshed human skin, with either of the above mentioned dressings, revealed repopulation of
the dermal matrix with host fibroblast but very limited epithelialization of the AlloDerm
basement membrane complex. There was limited epithelialization of the dermal matrix from rat
epithelium at the wound margin but little if any migration from the human microskin pieces.
These results were surprising as the dermal matrix had become fully repopulated with the normal
milieu of host cells and had remained intact and relatively free of desiccation.

These results indicate that a) there may be limited viability of the human skin microskin

pieces, b) human epithelial cell growth and migration is not stimulated in the nude rat model or
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c) the dermal matrix is inhibiting or limiting the growth and migration of epithelial cells from the

overlying microskin pieces.

Based on these initial studies, we made the following changes to the grafting protocol:

A) Due to the increased bacterial contamination and decreased “take” rate when using the
Biobrane dressing, we are now using the Vaseline gauze dressing on all animals.

B) The amide transfer membrane used to transfer micromeshed skin to the wound was
replaced with a hand made template containing holes that correspond to placement of
micromeshed skin at an expansion of 6:1. The template is removed after placement of the
micromeshed skin pieces and prior to application of the dressing material. Twenty
animals have been grafted using this template and the Vaseline gauze dressing. While
this technique solved the problem of microskin pieces being pulled away from the
surface, histological examination did not exhibit epithelial migration from the microskin
pieces.

C) To determine whether the human skin might lack viability and thus account for the failure
of epithelial migration to occur from the microskin pieces we investigated skin viability
and storage conditions. Human skin for this procedure was generally obtained the day
before the animal surgery due to the timing of the clinical surgical schedule. The skin was
stored at 4 degrees centigrade in normal saline. We have recently grafted animals with
skin that was stored in saline (n=5) as described above or stored at 37 degrees centigrade
in a cell culture support medium containing 10% bovine serum (n=5). Animals were
grafted with human skin alone, in the absence of the dermal matrix. A portion of each

skin sample was also transferred to normal cell culture to examine whether cells could be
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cultured from the skin in standard in-vitro conditions. At 14 days post grafting, skin

samples placed into in vitro culture conditions exhibited only limited growth.

Histological examination of biopsies from the grafted animals did not exhibit epithelial

migration from the human microskin pieces. These data cost doubt on the viability of the

human skin as used in the early grafting studies.

D) We are currently following up on this study by examining the use of autologous rat skin
removed during creation of the wound. Five animals have been grafted with autologous
rat microskin pieces. These skin pieces were produced in the same manner as described
for the human skin. While the use of autologous skin will not allow definitive
identification of the source of epithelial cells covering the wound, it is on the other hand
directly in line with the anticipated human clinical application of this procedure, which is
to use autologous microskin pieces.

Conclusions:

We have demonstrated that Vaseline gauze is the dressing of choice for these microskin
grafting procedures. Our studies have also demonstrated that human skin, as it was used in
the initial grafts, is unsatisfactory. This may be because of poor viability or because it is
incompatible with the nude rat model. Preliminary data suggest that use of autologous skin
will solve this problem. Once we have defined the optimal grafting conditions, which we
anticipate we will achieve early in year 2, we will implement the definitive study in which
we will determine the largest possible expansion ratio which allows complete

epithelialization of the wound.
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DURA REPLACEMENT PROJECT

The goal of the dura replacement project is to determine whether a generic acellular
matrix can function as a connective tissue scaffold by providing a compatible biological
framework for host cell repopulation and site-specific tissue regeneration in the
replacement of dura mater. During year 1 bilateral duraplasty was performed in 12
minipigs, with AlloDerm used as dura replacement on one side and pericranial tissue on
the contralateral side. Specimens were obtained for evaluation from four pigs at both the
1 and 3 month time points following implantation. The final four pigs will be evaluated
at 6 months, which will occur in year 2.
Introduction

The dura mater, a layer of vascularized dense connective tissue, is a vital
neurological membrane which serves to protect and maintain the central nervous system.
This membrane may be damaged due to trauma, during tumor removal or other
neurosurgical and reconstructive procedures.  This can result in hemorrhage,
cerebrospinal fluid leakage, infection and even seizures. Because of the severity of the
symptoms induced by disruption of the dural integrity and its essential role in the nervous
system, there has been a long and extensive search for viable dural substitutes. Materials
used for this purpose have ranged from metal foils (20) to plastics (21), xenographic
materials (22) and autologous (23) and allograft tissues (24). None of these materials
have proved to be fully satisfactory. We therefore are examining in a minipig model the
utility of XenoDerm, an acellular dermal matrix processed from porcine skin, to serve as
a dura replacement. XenoDerm is the porcine equivalent of AlloDerm®, which is

processed from human cadaver skin and has already been shown to be efficacious in the
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treatment of full thickness burns (19). It has also been used for soft tissue augmentation
in plastic surgery (25) and has the potential to be useful in tissue repair and regeneration
in diverse situations. XenoDerm rather than AlloDerm is being used in this study in
order to test the material in an allogenic situation and thereby more accurately simulate
the clinical condition.

Experimental Methods and Results

This project is being carried out in collaboration with Mt. Sinai Medical Center,
New York, where the surgical components of the study are performed. In twelve
minipigs we have performed bilateral craniotomies, thereby exposing the dura mater.
Circular sections of dura measuring approximately 2.5cm in diameter were then excised.
On one side XenoDerm was used as a dural replacement patch. A matching
reconstruction was performed on the contralateral side using autologous pericranial
tissue. The pigs were then allowed to recover. At each of the one, three and six month
time points, four pigs are scheduled to be killed and the dural replacements examined.
The one and three month evaluations were completed during year 1 of this project and the
six month evaluation will take place early in year 2.
Results

There were no post-operative complications and all pigs survived to their
scheduled date of euthanasia. The XenoDerm performed very well as a dural
replacement in all cases. Macroscopic evaluation demonstrated there were no adhesions
to the brain and only modest adhesions to the cranium at the margins of the craniotomy.
There was no evidence of inflammation or cerebral spinal fluid leak. All grafts were

intact, retained their original dimensions and resembled the surrounding dura.
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The grafts formed from pericranial tissue had become thickened at 3 months as
compared with its thickness when implanted. The pericranial tissue grafts also contained
bony outgrowths that were tightly adherent to the graft surface. Adherence to the brain
was minimal.

Microscopic evaluation at 1 month demonstrated repopulation of XenoDerm
grafts with fibroblasts and evidence of neovascularization. Immunohistochemical
analysis using a collagen type IV antibody exhibited retention of the basement membrane
complex of XenoDerm grafts and evidence of cell repopulation in areas corresponding to
pre-existing vascular channels of the dermal matrix. The pericranial tissue grafts
exhibited a greater number of infiltrating cells at 1 month as compared with the
XenoDerm grafts.

At three months, some areas in the XenoDerm grafts had taken on a dense
connective tissue appearance which was similar to that of the surrounding dura and
contrasts with the more loose connective tissue conformation that is typical of the dermis
from which this graft is derived. This suggests an early stage of remodeling, in which
XenoDerm is being repopulated by host cells and converted to dura. We anticipate
confirmation that remodeling is indeed occurring when data from the six month time
point become available in year 2. In the autologous tissue grafts at three months,
hypercellularity continues to be exhibited. Trichrome stain also reveals a decrease in
mature collagen as compared to surrounding normal dura.

Conclusion
This study is nearing completion. Data at 1 and 3 months demonstrate that

XenoDerm holds strong promise as a replacement for dura. If results at 6 months
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confirm the suggestion that XenoDerm is being remodeled into dura, a strong case can be
made for the potential of XenoDerm to serve as a generic acellular matrix which can
function as a connective tissue scaffold by providing a compatible biological framework

for host cell repopulation and site-specific tissue regeneration.
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